Abstract: Based on the Chinese National Standards involving heat pump water heater and space heating system, performances of the R744/R290 subcritical heat pump system have been discussed and compared with those of the R22 system, which is widely used in heat pump systems in China nowadays. It can be indicated that R744/R290 mixture can work efficiently as a refrigerant for heat pumps with a large heat-sink temperature rise. When mass fraction of R290 is increased, discharge pressure is reduced. Under the nominal working condition, there is an optimum mixture mass fraction of 20/80 for R744/R290 under conventional condensation pressure. Both the heating COP hs (coefficient of performance) and volumetric heating capacity are increased by about 12.62% and 34.24% respectively compared with those of R22 based system. But for the heat sink with a small temperature rise, R744/R290 system has poorer performances than R22 system. When heat transfer pinch point in evaporator and condensation processes is considered, the degree of superheat has a negative influence upon system performances under the given conditions.
Introduction


As efficient and energy conservation means, heat pump has unique advantages for environmental protection and energy usage. Now, the mainly used refrigerants in China for heat pump applications are R22, R134a, R410A and R407C etc., of which R22 system holds the dominant position. These working fluids are all the Freons which should be phased out in the near future. It is ideal to use natural refrigerants to replace R22 in a long run. However, there has no any satisfactory natural refrigerant to substitute R22 even now. Therefore in this paper, a tentative research has been carried out and natural refrigerants R744 and R290 are selected as the potential components to form the competitive mixture to replace R22, due to their environmentally friendly property, and since the mixture can also overcome shortcomings of high discharge pressure for pure R744 and flammability for pure R290 [1] .
Kim et al. [2] investigated the performance of an auto-cascade refrigeration system using zeotropic refrigerant mixture of R744/R290. Niu and Zhang [3] proposed to replace R13 with R744/R290 of 71/29 mass fraction on a cascade refrigeration system. Kim et al. [4] studied the charge and circulation concentration of R744/R290 mixture of 75/25 and 60/40 by the charged mass fraction in the subcritical air-conditioning system. Cho et al. [5] investigated the characteristics of evaporative heat transfer and pressure drop of R744/R290 mixtures of 75/25, 50/50, 25/75 mass fractions in horizontal and vertical smooth and micro-fin tubes. Sarkar and Bhattacharyya [6] have proposed blends R744/R600 and R744/R600a as working fluids in subcritical heat pumps for medium and high temperature heating fields. They concluded that blend R744/R600a can be the best alternative refrigerant to R114 for high temperature heating. The previous studies on the R744/R290 mixtures mainly aimed to the cascade refrigeration system or the cooling performance of system. However, the investigations on the heating performance for R744/R290 mixtures applied to heat pump system are scarce in the published literature.
Based on the previous researches on pure R744 heat pump by our research group, R744/R290 mixture is proposed as a potential alternative refrigerant used in heat pump systems for water heating and space heating [7] . Then it is essential to confirm which composition of mixture is optimum, or at least appropriate, for the certain heat pump application. Based on the Chinese National Standards involving in water heater and space heating system, the heating coefficient of performance, compressor power consumption, condensation pressure, compression ratio, discharge temperature, mass and volumetric heating capacities have been analyzed for different R744/R290 mixtures in the subcritical cycle. And the performance comparisons with that of R22 based system have been presented. Finally, the influences of superheat degree on performances of system using R744/R290 mixture as the working fluid have been studied for the optimum composition under the specific conditions. Fig. 1 shows the schematic diagram of heat pump system using the mixture R744/R290 as refrigerant in a subcritical cycle. The corresponding temperature-entropy diagram is shown in Fig. 2 .
Method
Mathematical Modeling of Subcritical Heat Pump System
In order to develop a model close to the practical cases, it is reasonable to take heat transfer temperature pinch point into consideration during evaporation and condensation. Due to zeotropic mixtures' unique characteristics of large non-linear variation of two-phase enthalpy against temperature during the phase change process, the distributed parameter model is used in this study which will provide a good agreement with the real conditions and therefore improve its prediction [8] . The heat exchanger is divided into a number of segments. Based on the mass continuity equations of working fluid and the secondary fluid, the outlet state of the former element is the inlet state of the latter element under the steady condition. For an element, lumped parameter approximation is employed to develop the model. Based on the above analysis, a simulation code for subcritical R744/R290 heat pump systems using Engineering Equation Solver was developed [9] . The property subroutines in the code have been linked with an interface program EES_REFPROP which calls REFPROP to carry out the necessary property calculations [10] [11] . Table 1 . The variation of R744/R290 performance with mass fraction of R290 for heat pump water heater application is shown in Fig. 3 . As illustrated in Fig. 3 , under the given working conditions, the minimum mass fractions of R290 should maintain between 21%-23% below which the mixture will have a lower critical temperature than 37 o C and therefore fails to b ground-water heat source is the water from well, lake or lake; c ground-loop heat source is the circulated water in the ground coil. obtain the higher heat sink outlet temperature of 55 o C in subcritical cycle. Compressor ratio r is increased gradually and gently as mass fraction of R290 is increased. The system performance shows the similar characteristics for different kinds of heat sources. Unless otherwise specified, the heat source in the following discussion is water-loop.
Simulation Conditions
Results and Discussion
Water Heat Pump Application
When heat source inlet temperature increases, COP hs tends to rise because of the higher evaporation temperature. It may be seen that the COP hs slightly decreases when the mass fraction of R290 increases in the beginning. The reason is that the ratio of specific heating capacity gain to specific heating capacity, Δq hs /q hs is lower than that of compressor power, Δw cs /w cs . So COP hs drops firstly. After the minimum point, they are going in the opposite direction. As shown in Fig. 4 , the compressor power curve w cs shows a flat increase while the specific heating capacity q hs rises sharply, thus resulting an increase in COP hs . At the point of mass fraction R744/R290 of 20/80, COP hs reaches a peak. Because mixture with different composition has different temperature glide characteristics during evaporation and condensation, under the given heat sink conditions, there must exist an optimum composition to achieve the optimum temperature matching between working fluid and the secondary fluids. Compared with the pure R290 based system, the mixture system has the higher volumetric heating capacity which is useful for system compactness.
As shown in Fig. 5 , the discharge pressure of R744/R290 mixture P c is reduced when mass fraction of R290 is increased. The system can work with the optimum COP hs for R744/R290 of 20/80 under the conventional condensation pressure of 2.573 MPa. It is clear that the compressor discharge temperature increases firstly and then decreases. All the temperature values are lower than that of R22, which guarantees a steady operation of compressor. Table 2 presents the system properties under the identical conditions for R22 based system, and for comparison the corresponding properties of optimum composition of mixture are also listed in the table. For water-loop, ground-water and ground-loop heat sources, the COP hs of R744/R290 mixture system are enhanced by 13.43%, 12.66% and 11.77%, respectively. Furthermore, the volume heating capacities are increased by 33.49%, 34.19% and 35.04%, respectively. Each of the three compressor discharge temperatures t 2 for mixture system is lower than the corresponding value of R22 based system under same condition, which makes the system work steady and durably. The condensation pressure P c and evaporation pressure Pe for mixture are all lightly higher than those of R22 system. It can be concluded that R744/R290 with the optimum composition is a competitive alternative for R22.
Space Heating Application
Based on the national standard, the heat sink inlet and out temperatures are set to 40 o C and 45 o C which are the typical temperatures for space heating, and the heat source inlet and out temperatures are 15 o C and 7 o C [13] . As that in water heater heat pumps, it is essential to provide a minimum R290 composition of about 40% under the given working conditions. The variation of R744/290 system performance with mass fraction of R290 is shown in Fig. 6 . It can be seen that the COP hs increases with the mass fraction of R290. But compared with the performance of pure R290 or R22 system showed in Table 3 , the system using mixture has the poorer performance. The maximum COP hs for R744/290 of 90/10 is decreased by 9.48% in comparison with pure R22. However, one advantage of mixture system in such application is that its volumetric heating capacities are higher compared with R22. For R744/290 of 90/10 it is decreased by 8.19% . Results clearly show that the zeotropic mixture R744/290 is not suitable for constant space heating application. So the following statements focus on the water heater applications.
Influence of Superheat Degree for Optimum Fraction
The influence of superheat degree on the system performance is highly dependent on the working fluid used and the specified conditions. An appropriate degree of superheat can protect compressor from hammering by liquid refrigerant. It is still good for system performance for some refrigerants, but harmful for some other refrigerants. As analyzed above, the R744/290 mixture fraction of 20/80 is optimum.
Under the given conditions in this paper for optimum fraction, the influences of superheat degree on the system performance are illustrated in Fig. 7 . As the degree of superheat increases, both the COP hs and the volumetric heating capacity tend to decrease. The reason is that in order to guarantee the designed pinch point between working fluid and secondary fluid, the mean evaporation is decreased as the degree of superheat is increased. So it is suggested that the R744/290 mixture system would work with a basic degree of superheat only to defend compressor from hammering.
Conclusions
For the subcritical cycles, R744/R290 mixtures are more efficient in heat pumps with a large heat-sink temperature rise, e.g., high-temperature water heater system, and superior system performances can be mixtures has poorer performances than that using R22.
In order to obtain a high outlet temperature of 55 o C for heat sink, the mass fraction of R290 should not be less than 21% for subcritical cycles.
